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SUMMARY AND CONCLUSIONS

At the request of the Atomic Energy Commission (AEC), the
Committee on Radiocactive Waste Managemen: (CRWM) of the National
Academy of Sciences - National Research Jouncil has examined
the technical feasibility of the burial of solid radicactive
wastes in bedded salt deposits. This method of waste management
was originally suggested in 19571 by an earlier Academy advisory
committee and has been under continuous study and development
since that time by the Oak Ridge National Laboratory. In June
1970, the AEC announced its intention to initiate a demonstration
project to provide technical data and experience on operational
methods and costs of long-term storage of solidified wastes from
the processing of spent nuclear power fuels. A site near
Lyons, Kansas, has been selected tentatively as the location of
the demonstration project for a salt mine repository.

To assist in the evaluation of the AEC plans, the CRWM
convened a Panel on Disposal in Salt Mines. Based on the
recommendations of the panel, the Committee reached the following

conclusions:

1. The use of bedded salt for the disposal of radiocactive
wastes is satisfactory. In addition, it is the safest choice now
available, provided the wastes are in an appropriate form and the

salt beds meet the necessary design and geological criteria.
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2, The site near Lyons, Kanses, selectes >y the REC
e sa-i¢faczory, sutiect to the development ¢f certain
adcéitional confirmatory deta and evalugtion. 1Initiel cisposel
will be for low level sclid waste meterial centamineted with
plutonium and cther long-lived transuraniur nu lides. Subsequent
dieposel will include highliy radicasctive, high temperatire,

solidified wastes.

BACKGROUND INFORMATION®*

In 1857, an advisory committee of the Nationzl Academy of
Sciences - Naticnal Research Council recommended thet high-level
racdicactive waster be buried in excavations in bedded salt
c’epcsi:s.l Laboratory and field stucies on the feasidbility of
such cispssal of high-level liquid weste were conducted ty the
Oek Ridge National Laboratory (ORNL) during 1857-€1.¢ The

results were reviewed by another NA§ - NRC committee in 1961.°

~hat committee recommended that more extensive studies be
cirecred toward solidified wastes and such studies were conductec
by the ONEL for the AEC between 1861-67 under the project name

of Salr Veult.é In 1966,°5 a sudbsequent NAS - NRC committee
continuved the advocacy of burial of radioactive wastes in bedded
sa.v. ~he ORNL, after a favoredle es=irate c¢f the feasibility
¢f such an understaking 11966-69},5 deve.oped & conceptusl design
¢z¢.70 for a protorype facility to buTy %i_hly
radicactive, high-temperature, solidified waste from the chericel

A= £uel elements in becdded selt. In 1¢7C, the



ccrsept was expanded to include the buriel of low-thermel
g.pha waste, i.e., materials contéminatec with pluteniut and
other transuranium nuclides.

In 19€€, the Commnittee on Raciocactive waste NManagement
(CRWN.) was established by the NARE - NRC at the request of
the AZC. As part of its charge to advise the REC concerning
its long-range radicactive waste management plans, the CRWM
responded to a specific request to evaluate the feasibility
of cdisposal of solidified radicactive waste in bedded salt in
the light of present technology. On October 17-18, 1968, the
Committee met at Oak Ridge to review the CRNL programs on
waste sclidification and disposal.7 Later, the Committee
formed the Panel on Disposél in Salt Mines, which first met at
the ORNL on May 21-22, 1570, to hear a presentation con the
burial of racdiocactive wastes in bedded salt and to make
recommendations to the CRWM, The geological data and
preliminary engineering design information covered the burial
of sclidified, high-heat emitting waste as well as the buriel

cf elpha waste.

Advantages of Salt Mine Burial
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1. B mighly rediocactive source sezérec d fror the
e-virenmeént by a thickness of gool-quallty beddec s&it in
e- are: of tectonic stability is effectively ‘isolated from
shat eavironment for &t least 1,000 years and probably for
significantly longer.

2. Bedded salt has & high compressive strength but
£lows piasticelly at relatively low temperatures anc pressures.
mnis will relieve stress concentrations produced by the
rining operation or by the heat generéted by the radicactive
waste.

3, Fractures that might develcp in bedded salt are
reelf-healing.” This is indicatec in part by the absence
of sclution cavities in the rock selt that has been studied.

¢, The naturzl plasticity of the salt at the temperature
imposed by the highly recicactive waste will effectively seal
+he remnants of the containers in cells cZ erystalline salt.
Should man, for & now unforeseen reason, have to remcve the
buried radicactive waste, it could be accomplished with
specizlized mining equipment, aldbeit with considerable difficulty
anc effore.

5, Bedded salt permits the dissipation of larger quantities
0f heat than is possible in other types of rock.

&. Rock s&lt is approximately egjuas tO concrete for

; ghieldinz., Experimentsl TacLation exposire has
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7. The loss of cur salt resources would be negligitle.
There is & great abundance of bedced salt in the Lnitec States
of

satisfacteory quality and

| =

cparticularly in Xansas) that
in suitatle geological environments that can be used for the burial
of specified radiocactive wastes produced by the nuclear plants
that are anticipated in the Unitec States over the next two
to three decades.

8. The burial of the radicactive wastes under consideraticn

in deep-bedded salt greatly recuces chances for release by

accidental or malicious acts in both the near and distant future.

In addition, factors particularly applicadle to the Lyons

site are the following:

1. Salt formations suitable for racdicactive waste burial
an be found in areas with a low probadility for earthquakes.
The centrel Xansas area stucied is so located.

2. The upward extrusion of bedded salt to form diapirs
(dome formations) does not appear to be a reascnable possibility
for the salt beds at the most favorable area under consideration
by the AEC. The differentiel lcading upon the sait beds is
minimal. The relatively simple geclogical structure of the
shallow beds, the low relief of central XKansas, and the tectonic
stability are distinct advantages and militate against the
develcpment of salt flow., The increasec teTmpejatile cue TO the
slanned therral release of the racdiocactive waste anc the pressire

cé the overburdern, couplel wi
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‘g isacequate TO increase the pa88ticity ef the $&.% TC &
‘s gL wnere extrusion by diapir $crmacicn is possilble.

1., The westward retreat cf the easteln edge of the salt
£-cat at the Lyons site has been estiratec to be no greater
than 12 miles in the last 5 million years. At this rate the
geclogical cisinterment of the Xansas salt beds in the vicinlity
of Lyons, because of the solution retreat of the salt, would
not oceur in less than 15 million years.

4. The salt beds in question are of Permian age (about
250 million years old). The fact that the salt has remained
in place over this length of time is excellent testimony to the
éryness of the geclogical environment cf these beds and the

prespects for safe interment for & significant geclogical time.

General Recommendations

1. The Committee judges that & sounc case has been made
for burial of highly radicactive sclidified wastes in bedded
salt., Sites correctly chosen wich respect to design criteria
and various factors identified below cffer a satisfactory method
fcr waste cisposal in terms of present technology. Inasmuch as

the AEC has announced the selection cf & site near Lyons, Xansas,

"

fcor the demonstration of long-term storége of sclid highelevel
as2 cf long-lived, low-level racicactive wastes, the Comrittee
aiivesses its recommendations to the speciliic corditions of the

-yens §ite, However, many of the rezcrrensaticns are spplicat.e ¢

p=mer sites that mignt De &8 suitas.e &t the Lyons site.




s, The Ccomitte favers che cdevelcpment of the prepcsesd
~ezhod 0f Durying low-temperatire, low-leve. &.;Té-zaTrTiC.e-eTiITiNg

westes in @ salt mine at lLyons, Xansas, provicec that appregriste

'_)

i=its are set on the integrity &nd combustibility of the
raterials to be buried. This type of waste must De buriel i
sined rooms separate from those in whicl the high-level wastes
are buried.

3. Presently accomplished research, development, anc
design from the ONRL and other sources for the AEC are at such
a state that the Committee can see no objection to proceeding
with the plans for a demonstration facility for both types ot
wastes, The Lyons, Xansas, site offers a reasorable choice for
such an initial demonstration precject., Other sites such as
these on the Gulf Coast, in Michigan, anc in western lew YOrk
shculd be considered for future use.

¢, The Committee recommends that adiitional stucies and
investigations, described below, be undertaker concurrently with
planning and site acquisition. If these stucies anc investigations
reveal problems or conditions that would jecparcize tne safety
and integrity of the storage site, the project should
reconsidered. However, based cn researcn and deve.opment
performed to date the Committee does not anticipate any

irgrmountadle preltaen,
Special Mancgeable Problems ¢

Epecial problems tThat are Jucjel 0 De ranazeatie oy TeshacLogice. ‘

CeATTCLS and engineering methose
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e The Dedded salt deposits c¢f Xansas contein minute
s.antivies of included water that is gracually released at
terperatures of 250 'C and adove. Proper design of the
spacing of the waste containers will reduce this probdlem to
én acceptatle level.

2. Radiclysis cof salt is prcbadbly of little or no
consequence. No free chlorine could be found in tests in
the rine during Project Salt Vault. It is possible that a
very small quantity of organic peroxides was produced.

ventilation methods that are already required for salt mining
will further reduce the possible but extremely small hazard to
the rine werkersfrom any gases from this or any cther source
shew.d they escape the salt bed cc.tainment.

3, ¢ the salt terperature 4t the surface ¢f the containers
is held at 350°C or lower, the temperature increases in a
hypothetical overlying noncirculating potable water aquifer,”
tesed on theoretical calculations. would not exceed € °C after
about £00-1,000 years (the marimum incresase in soil temperature
4% the surfece will be less than 1°C an? would occur in about
£95-1,000 years). The induced or naturel movement of water
through these aquifers will continuously effect & reduction cof
theis Terperacure and even further 2imisish the significance of
$AL8 DCTENTiaL Srelien (4.0., TETRETATLIG LaCTeste) o will
$.2370r reduse this petential terperature incresse ¢ 4 much

24t Sigure.

wict S22 belovw the sutface and B0C St above The Duriles wanste



€. The Cispesel cf excess salt frov the mining operation
will require further engineering study., Severa. pessitle
metheds of handling this predler nave been scggestec. These
include the sale of the salt for commercial use; sclution in
potable water and disposal in the Arbuckle Formation (the loss
of potable water is uidesirable); and sclution in Arbuckle
iow-salt content water and return to the Arbuckle. It is also
possible that an arrangement with & nearby mine could be made
to return the excess salt to already excavated rooms. Other
special mining techniques have been considered but not studied
in detail. RAnother suggestion tha: has been considered is
the disposal at sea in the Gulf of Mexico. The cost of this
method including transport by rail and barge is high but need
not be & reason for excluding it. The problem of the excess
$&.T is a vexing one that has to be resclved., Since there are
& number of potential sclutions svailable, it is reasonable to

expect that an acceptadle solution can be developed, and

therefore this problem is not sufficient reason to stop the program.

STUDIES TO BE COMPLETED BEFORE OPERATIONS BEGIN

Seversl site problems should be resc.ved before racicactive
meterials are committed to che salt beds. These problems are
DCth geclogical and phyvsicel in rat.re. Four recuire Investigaticns

4T the site, anc cne reg.ires ~A2ITETCTY STURY.
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sigrrisLsicn ¢f the rooms In which digpesal wWill be made, It
i¢ essentizl that the unifermity In quélity and thickness of
-me sal: beds be known. In order to oItain Tnis inforration,
some subsurface exploration is necessary.

aecommendation: Four cored and loggecd dril. heles through
+he salt should be sunk at the corners of the approximately
1,100-acre proposed disposal site.

2. Location of previous oil and gas wells and inspectiocn
of records, where available, should determine if these former
wells have been adequately pluggec te avoid an entrance of
water t¢ the salt.

Zecormendation: B survey shoull be made of neighbering

we.ols in order €

O

avoid threats to the intecrity cf the propesed
besdes salt cdisposal site.
1, &ubsidence in the distant future ray result from veicd
speces after the rooms are backfilled with crushed salt,
zecormendation: An answer to this grotlem is recuired in
erder tc determine the best mode of miring &nd backfililing. Model
suiies are suggested, e.g., Liock mining a2 tlock backfilling.
4, The possibility cf & metamice (Wigner) effect cue t¢

~
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eet in w
érilling that might adversely affect the integrity of the
demonstration site.

Recommendation: Control of this peripherzl zone by

purchzse, lease, or cother legel ascreement is recommended.

CONTINUING DEVELOPMENT PROGRAMS

There are a nunber of development programs that are either
under way or that should be initisted that, while not critical
to the beginning of realistic planning and construction of a
demonstration salt bed waste dispcsel project, may unexpectecly
be the cause for a later decision not to continue. These
programs will also be useful to the further development and
evelustion of waste cispesél in sait mines either &t cr near
the Lyons site or, in some cases, for later projects elsewhere.

These programs fall into three categories: 1) exploration

-~

for the location of aquifers in the neighborhood of the salt
becds; this includes deterrining the movement of the contained
water and its proximity to the s&lt becs; (2) the development ¢f

further information on the thermal and mechanicel properties of

‘ . - 3 N PR LR \ < . - T\ Y

the salt beds and other key stratigraphic unite; and (2) the

& oy TR £ . 5 < - - & Yo w T . <
SNVESSLgatior ©F rathols €5 Cisplting €2 tThe large Gusntities ¢l

$&6.C Temovel LN tThe mining Operé&étLln.,
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the selection or operaticr of & bu

‘1

el site. These include

1. Weste retrievel plan

2. Postoperationzl monitorine (precedec by & determination

of background data)
3. Estimate of subsurface leaching '

4. Estimate of future rate of surface erosion ‘

investigation of most of these items is well under way and ?

should be reviewed as completed. Conceptuzl inforration

oY

- ~9,
-l -

Fresentec by the AEC to cdace hae not dec & waste retrievel

2

O postcperetionsl moniter 2Ny plan.

1. Problem: Cont ingency planning for retrieval of the i
recicactive waste from the szlt has not Dheen cdeveloped. R "worse
possible case” hazards analysis ic a metter of importance in the

e€vent that the integrity of the e:
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Teeson cor if the cperetion does et perforr according to

design criteria.
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Recom-endetion: TFer the FTEPErEtiCn €I suth & cenTinzency
F=&7, CCnslceration cf syeterms for re-rie inf The wesve, enguls

=T ever e ne: ~essary, Tust be develcpec.
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2. Preollerm: > moritoring syster s neelecl TCr postopereticna

e rveillance of water Quality &nd terperetire, scil TeTperatire
raciation levels, seisvic activity, surfasce sulsicence, piugge
wells, and changes in the surface bicte cf both the contiguous
12né and waters after sezling the mine.

Recommendaticn: hkdequate plans for such surveillance must
be developed.

3. Problem: The eastern edge of the Wellington Fermation
outcrops at the surface, and there is evidence of & westward
migration of this dissolving salt front, & condition that could
destroy the integrity of the disposal site &t & cistant future time.

Recommendation: Data and interpretations should be formally
prepared on the sclutional histery and recime c¢f the eastern
edge of the Kutchinson salt member oI the wWellington Formatiorn.
~he report should define the hycrc.es:c cenditions under which
sz1t solution has occurred and evaluate the history and rate ¢t
solutional activity in order to determine whether the western
micration of the dissolving salt front poses & threat to the
€usure integrity cf the cdispesal facility.

L. ©oroblem: The extent cf ercsicn that mey teke place In
central Xansas during the next 500,000 to 1,00C,000 years
ccnceivebly may effect the integrity of the reposiuory.
near-surface rocks ané regiocnal geomerphic gné hysrclogac éspects
cf any storage site, Inclucing the .vons site, rezresernc &

Tesponse tO ;EC-C;LC&- Frocesses CpeTretive SLILne c.e_stocere

. - y 9 - —~— - - - = - - - -, - -
vime. Nany geclogists agree (and this lcmmittee acceqts tae

£ ins
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22ee for the purposes of this repers) thes the sresent ig zare
cd the centinvwr of the Fleistocene and trer SiTL.&r processes

T2y be operative cduring the next 300,000 to 1,002,000 years,
tne span of time for mai tenance of the intecrity cf the
weste dispcsal site. During the past million yeers, for
example, the effects of ciaciation have producec rmarked changes i
in groundwater Systems, drainage Systems, and surface erosionzl
rétes. The long-term possibility that the bedded sz1lt may be
subjected to solutional activity, erosion, or other stresses
cannot be ignored.

Recommendaticn: The extent of future ercsion mey be
projected by statistical treatment and extrapolation of recent
retes of erosicn in several climetic zcnes thas woulé be

< -
-l

Terresentative of the kinds of clirgte that Té€y heve existed
The midcontinent during the last million yeers. These
concitions conceivally could bde éxpected to preveil or recur
curing the next millien years. tudies should be initiated of
the effects of changes in the Arkasnsas River systers, changes in
groundweter cirCulation, long-term changes in lzng form, and

2

eve_uetion of the long-term poss:bility thas the selt may be

sutjected to erosionzl or scluticnzl &Ctivity. The Comrittee

believes that this recomnencetion shouls bde civen & low pricrity

- - 9% - ) £ . . o —— . < - - - - N %
£.nce atrle time exists for decis:ione Tézercding it &t & much
.
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APPENDIX: BASIC CHARACTERISTICS OF THE WASTES AND
CONSIDERATIONS FOR THEIR BURIAL

s |

. & . £ wa < y -’ L T
~C Cetegeries ol wastes for which the salt e

")

peeitery 4is bein

"W

4

ec are (1) sclidified high-level racdiocactive wastes

g3

M

generatec by the reprocessing cf irracizved nuclear power
reactor fuels, and (2) sclicd waste contarinavtecd with low-levels
cf racicactivity, principelly the transuranium elements such
&s plutonium. To easure maximum safety, the REC intends to
specify and rigidly contrel the nature of the wastes that will

be accepted for burial.
HIGH-LEVEL WASTES

The two significant considerations in the development of

specifications for the sclidified rich-level wastes and the

l("

Cesizn criteria of the repositery &re ‘1) heas generatiocn, anc

(2) Invternzl pressure within the contziners.
Heat Generation

Secause the sclidified wastes will generally be stores et

Terperetures hundreds c¢f decrees lower than <he tempereTures

eéxperienced during sclicificetion, the thermel effects on the

- & - -] - - - 9% - a8e - .
T€-gasec Trom the stored waste Is only of siznificance in
- - » - -
s 5 R
~2-8T.CN TC LTs elTecCT o the sTructursl srocerties cf <me




cerey Salt Company's mine &t iyene, Xanses, It was deserminec

£rom mezsurements made of the plastic charac ristics cf
sz1t &t elevated temperatures that the
ine workings could be reinteined providec the temperatire
of the salt did not exceed 200° C at the midpoint between
tion can be

adjacent containers. This temperature limita

reintzined by limiting the total power in any single 10-ft
long contaziner to 7,500 W (25,000 Btu/nr) and by spacing the
conteiners so that the centerline temperature of & container
does not exceed 300° C and the temperature cf the salt at &
¢istance of B in from the container does nct exceed 25C° C.
The actual thermal cutput of the containers will De verified
both by records Suppl ied by the reprocessor ané by celorimetr
measurements made at the repository pri ior to burial.

The thermal power of & typicel cér o:
waste (6 in. in diameter by 1 ie 530 W et 10 yeers,
53 W at 100 years, &nc

~he containers will be £zbricated frem either carbon

- = - P b B £ - S - - - - n s -~ - -

diamet from 2 to 10 £t in length, &nc, wnen SL-.e8C with
- - - - - & ~ee - -~

waste, ney wWelgh Lp eo €.,000 io8. €&C

the active

high-level sclidified

L s =




“he question has dee- reisec T€Serdinzs the rigretion of

“het” waste containers through or out of the S&lt. Simplifies
énelvses have been performed using conservative assurptions
thet indicete that the migrétion cf wasve conteiners in

230°C salt would be in the order of 10-10 ipn/yr,

If it is postulated that the waste could migrete from the
disposal pPlane, it would travel into salt of lower temperature,
énd this would graduslly cool the waste and terminzte its '
movement. Additionally, the shale partings present in bedded

s&lt cdeposits would &8CT as & physicel berrier to limit the

. movenent of the waste., It is reasonable to conclude that the

ccnteiners will not migrate to &ny significant extens.
E further question nas been rzises ae TO the pcssidle

eflects of €nercy storage within the weste and the salt as a
result of Irradiation (metamictizatiorn). The stocrage and sudden !
relezse of energy from containers buried in the repositery
érpears unlikely because the mine temperatures zre in the range
- énneeling temperatures, anc the waste temperztires zre ébove
therm., Even if enercgy storege &~¢ suddern re_esse cig occur, the
€flect on mine temperature would be insignificant. Storage of

&8TcLnts of energy above &bout 820 Cel/c hes not bee- c>served

=0 8lllczates givilar in cormpesiticn tc some tyipes cf westes,

S7% 308 sullen release of this quanticy c¢f €nercy woiLld reiss

=8 TeTzereture ¢f the sale $ 2% frer the centaicer Sy only

foCet &' 2 Storace cf  Rergy In selt srouls mee €rceed

S. S8l/z, and ics re.esse weLls nos mzve SeIicusly Zelevericue Pt T



Internal Pressure

-ne Interns] pressure of the waste cortainers afrver burial
s expectecd to dbe ¢f little consequence because the waste
will be sclicdified at temperatures in excess of those expected
guring transport and storage. Severel of these conteiners
adre presently being stored with mclten cores (> 1,100 °C),
a condition which would not be expected under storage in the
mine. To date, nc pressure buildup hes been noted in any
cf the containers. This would suggest the absence of any
significant decomposition ¢f the sclicdified precducts because
of heat or radiation.

The pressure-related requirements that will be imposed

e o . ; ; Y .
difies procduct be thermelly and

e

ére (1) that the scl
&ciolytically stetle anc (2) that the equillrium pressure
rithin a waste container be less than the design pressure
rating of the container. (The latter is actually recundant
because of requirements imposed via the regulatory process in
the sefety analysis of the interim waste storege and
trénsportation svstems.)

LOW-LEVEL WASTES (TRANSURANIUM NUCLIDE
CONTAMINATED WASTE)

-

nese wastes are ¢o0lid maeterials thet either contein cr have

- - s -




’ "~ - - - - o - & - - -
cf waste. -1@ pTesentT getectaZ.e lITit Zcr piutonicr waste
. - - 78 T & ~ & 2 . \ e . . - .
=e 300 mg/fc” for & § £t packaege.) Suzh weeses include

feilec or obsclete equipment, conteminated tocls, paper,
clothing, constructicn rubble, nonreclaizeble fabrication
screp, sclidified liquid waste, etc.

The bulk of the wastes are peckaged in metel drums
(55-gal berrels). Larger pieces are boxec in varying
sized containers. The container shields out essentially all
rediation anc presents minimum handéling problems from that
stancpoint. However, the contaminant, usually plutonium, is
very long-lived &nd very hazardous if inhzled or ingested.
“he mejor health hzzarsd is ususlly associzted with resuspended
é-rdorne particulates; therefcre, the contiiners ruse reintain
thelir intecrity and must therselves be externgelly free from the
containec contaminants.

The initizl heat generation rate cf these wastes will be
aimited to about 0.1 watt/ft3, anc the thermel power will not
excees 0.0l watt/f:3 &t &ny time greater than 1,000 vears

eéZter their receipt at the :epo itory. Criticality safety will

-2 :
}

De ensurec by limiting the avirsge fissile cocncentratioc

=

- -

to 5 g/f:.3 Combustible wastes will not be accepted for

- ¥ o e = -9 £z -a o A z
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GEOLOGY AND HYDROLOGY OF THE SALT BEDS

-

L |
th

G e e

: - - K £ - | > & - - -
= aingsonmendber 05 the wel_.inZtCn scerrétion LS m

ap-roximetely 300 £t thick &t the lycns site &nd lies

be-ween 785 £t ané 1,080 £t below the surfece. The
Sescrninson is composes of about 60 percent halite
tnet is interbedded with shale and anhydrite (NaS0.).
There are three freshwater-bearing zones above the
szlt. The deepest of these lies from 275 to 290 £t below
the surfece and will yield water &t & rate of 1 to 2 gel/min.
endy members of the Xiowa shale formetion that occur at depths
. of 50 to 175 £t will yield weter at & rate of from 1
to 20 gal/min. The unconsolidatel blanket of seciments
thes extend to & meximum depth ¢f 70 St will yield - tC
€ gal/min., Ne freshweter squifers ere found below the
selt; however, beginning severzl huncred feet below It, some
porowsand permesble zones are encounterec that contéin selt

water. In &ll cases, the water-besring zones &re seperated by

thick sequences of essentiully impermeable shales. |

MINE SPECIFICATIONS

shafts into the werking ares will '
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€>28Ting sheft, or eny new shas=¢ convenTticrelly sunk rether

47 €T

-

~lec, the aquifers wil: be Fressire seeled end /or
<ined with concrete, poured in place. These precautions will
effectively prevent wzter from entering the mine through & shaft.

In the present concept, the specifications for <he new shefte
r 4

N - e

ére as fcllows: (1) high-level waste shaft, 22 in.inside diameter;

(2) downcast ventilation, service and s3lt hoi ting shafrt,

1¢ ft diameter; (3) upcast ventilation shafts, 6 ft

ciameter. The shaft sizes are strongly cependent on the details
¢ underground operetions, which are currently undergoing
extensive investigation by Kzsiser Engineers. Therefore, these
sizes may change drestically in the final concept.

Rll shafts will be eventuesly backfilled &g sart of the
cecommissioning of the Tepository. Fresent plans cell for
filling them with successive leyers of crushecd salt, shale,
crevel, and sand. Impervious sezle &T critical elevations
would be provided by lavers of & bentonitic clay.

In the present concept, all newly mined cpenings in the
nigh-level wasvte cdisposel ares (mein entries, cerridors, and
rocre) ere 30 ft wide and the roo-e ére sepsreated by

30-ft-wide rid pillars, while S0-fe.wide p=llars are left

Detween &ll dual corriders and entri Besed cn pre




-l % . &2 2 e om- - = - - - < - - .
=g~ e verisiec &nd rellnec Jurtherl, bases ¢ instrimentéetion

=&t will be places in the first few rooms of the actuel
fzcility. "Optimum,” in this case, means those cimensions

that will provide (&) the maximum amount cf uszble space

per unit of gross area, consistent with (D) safe and trouble-Sree
cperation of the mine during excavaticrn, waste disposel and
backfilling, while allowing (c) the earliest precticeal complete
closure of the mine and recrystallization of the beckfill

salt (currently estimated to occur within €5 to 10C years

after £filling).

TRANSPORTATION OF WASTES AT THE MINE

Weste cans will be unloaded remotely from their shipping

cask in & shielded hot-cell at the surface anc lowered in &
cace through the waste transfer shaft to the mine level. Both
this shzft and hoist will meet the requirements cf 30CFRS? for
a man-riding hoist. The salt mine will be developed over the
1ife of the repository and will provide space for storage of
high-level waste cans. Various methods for hanéling the cans
:n =ne mine are currently under study. In the case of one
concept that has been given consideraticn, the cans will be
received at a mine-level receiving staticn anc loaded directly

:meo ehielded casks carried by motcrized transporters. They

£iac> ares of @ roor has been utilized, the room will be backfillec

wi== prushed s&lt and sezied from the remainder cf the mine.
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POPULATION DENSITY OF THE LYONS, KANSAS, AREA

- L.t < - S o = < - - Ay - -
el SCaslWil gures, basel cn the .t7C Censcs, previde an

ow

h
13

irndication ¢f the population density in the general area:

City of Lyons: 4,30 res, approxirately 1.5 sq mi)
2,87 i

o m
~
m"\
0 m
= |

Rice County: 12,12¢ (erea, épproximately 800 sq mi)

Sempling of 12 l
rurél townships: maximum population density 72/sq mi; average, ,

3.9/8q mi; minimun, 0.2 sq mi.
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Review of Szlt Tectonics

Ock Ricge Nasional Leboraiory, Oak Ridpe, Tennessee

in Relation to the

Disposz] of Radioactive Wastes in Salt Formations

ABSTRACT

Toe plastc deformation of salt formations
i reviewed to evaluste the possibility of
diapinc processes afecting salt beds uwed for
ndiosctive waste disposal o a geologica!
sexse. rock salt is characterized by a marked
mobiliry as 3 result of its adilicy 10 deform
veder relatively low siresses Examples are
rzown of salt formarions deformed by tectonic
forees. Sut the rypical dlapiric processes are
esseotialy due to graviutions! forces. In the
iztial phase, salt deformarion is @used
by diferential loading of the salt bed: onlyv afrer
sa: Sowage has resulied iz thickening of ti
o pressure 200es of the salt bed does
dexsity diference berwesn salt and sediz
cosiribuie to the deforming siress. Salt ¢z
are usualy larze structures, aad 1o furnish th
Decessary iarge volume of salt. 2 mother bed of
gr=t inual thickness must be presumed No
=asus depth seems 1o exist for the plastic
Celormadon of salt: however, the plasticry of
sal: increases with depik as a result of the is-
cre2sing temperature

Thbe nte of salt deformation is crtial in
retior o the required containmest time for
plionium-cortaminated waste A few authors
cwntaie that diapinic processes proceed it 3
catastrophic rate, but the geologic Litesature
odicates that most geolegims helieve salt
Ziapiniers 10 b2 2 relauvely gow procest and
frc.ogic evideace seeme 1o suppom strongiy

jeniry view, It can be concluded trat.
iz the £nal smage of sal: istrusioz, raies of
Capir growth as high a5 2 “ew millimeters

1

per year are possible, and iz the iniual phase of

e
"

P

3 :
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)
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Plastic celormaucs of the salt bed, Sow rates
s=ouid be markedly lower,

Iz relation 1o the safery of ndicactive waste
contai t. the nsk of excessve deformation

ceeprably low if the disposal
mezts the folowing requiremesnts:

- T

R

e
- e = Tomds

LR S e
e Lo 2 g el TR R

(1) beddec salt located in a geologically suable
arez; (2) subhorizonial salt beds expossd to
very limited ciiTerential loading; (3) thickness
of the salt becs { the order of 100 1o 300 m;
and (4) depth « . the salt beds berween 300 and
700 m.

INTRODUCTION

Salt formations have been proposed as the
safest Jocation for the disposal of radicactive
wastes requiring long-term conuinment. To

evaluate the possibilty of diapinc processes
afecting the long-term stability of the waste

repository, a thorough understandiag of all
aspects of salt diapinsm is necessary. Diapinism
is & process by which earth matenals from
Ceeper levels deform and pierce overlving
mzerials. The actual piercement of the over-
burden is usually the final stage of a complex
Bistory of *'plastic” deformation. (In the
geological Lterature, the term “‘plastic”
1s applied to the continuous deformstion of
complex solid bodies, such as rocks, in con-
trast to the viscous flow of fuids. It is used
without any implication about the mechanisms
responsible for the deformation.)

gaporitcs are not the only geologic mate-
rialt capable of forming diapiric structures.
Argllaceous sediments before induration show a
marked ability to flow. In addition, serpentine
and occasionally Limestone, coil. and peat
are found as dispiric matenals (O'Brien, 1948,

This diszussion is imited 1o the deformation
of rock salt, but the basic principles are
applicable 1o other geologic materials. All rocks,
pyea sufcient stresses acting for geologic
periods of time, undergo some creep or plastic
cefermation. In competent rocks, bowever, the
rate of deformation 15 too low to cause evident
fiowage. Salt owes its geologic mobility to its
abiiity to deform readily under relatively low
stresses

=3574,18 figs., December 1972
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PEYSICAL PROPERTIES OF SALT 1964). When stress is applied again, the defor-
mation cune is CBD; the curve pow has,
straight segment CB, where deformation i : adary. In

esser .ally elastic, and shows a distinct yied :ﬁ:ﬁqmn;nﬁa‘:'x;

i oo the deformation of h
{
: {
point at B. The strengthening of the minen! [ yesse of temperature with
|
’
!

Rock salt is an aggregate of halite crvsals. evident that the efect o
The individual habte grains usualy bave
dimeasions of a few millimerers, although

' crosals as large as several cenumetersare founc.

Halize ervswallizs in the cubic sysiem; its

hz-Casss is 2.5 and density is 2.165 g/’

Rock salt always conizins some impunies
an? the amounts cap vary between wide Limits.

with increasing deformation 1s called “'stris : ;' he increasi
hardening” or “‘work hardening.” Salt with 3 ?;?Pfh ‘ofe 6?05?s:281%°
geclogic history of deformation or of buga - "

! tbermal gradi fabo
only s always in 2 somewhat streagtbensd f:;;:,:?urfr:,c::&‘ g:.b

. Alboughimpuritiesin becded walt sreesserzale Swte Relaxatios and recrystallzation may’ v geformation would occur
Iy prmany of & fesult of contemporantous SV salt 1o rerurn to the initial unstreaph™ & y;rdening. Other parame
sedime-ztion. diapiic salt Gt contaip exotic ©oNec siale F‘f-”‘tz ’h°“", ‘_b‘ ‘5“‘.‘ infuence the creep of 1

: biocks tom from :be intruced formauons. annealing a sample of Lower Halite a1 600" C (1965) has found that th

Tbe sample undes consideration was takes froz poruonal 1o the stress di

cay munerals are by far the most abundazt a muoe, and how much of the strengrbening increzse in grain size red.

$ Some of the parametess afecung the physical ‘in‘ "’(‘g; :}{c:‘h:ng“;‘{mﬁ ‘;gz;‘)“”’ 8 o | 155ddition, the deformatic

\ uvior of s -alua o the KROWE (PO ety 5 Lo Wy {
: behavior of salt cz be evaluated from the The physical behavior of salt is drast by :he rate of change o

Amcag the primary impuites anhvdrite and

defcmation of salt specmens in Lbomtory ! t  buildup of stress difierenc

tests (Handin and Hager, 1957, 1958; Haadin he:lc{d by tempesature. Not only does the is 2 very slow process. A

ane others, 1953: Roberison, 1963; LeComte, rate of deformation increase with the tempenr aecting the . Large-scale

ocs: Handin, 1965 Odé, 1965). I a geoeral tures but the strain-hardening efect s po | formations are the thicks

- way, wheo a gracually increasing stress s gressively "d“f:fli' ar 300° C it disappzan the amount and nature ©
aspiied, the speamen Snt deforms dasucally, ,‘°mFl°fd{" B geforms ‘:d‘- cinsunt - uined in the salt, and th

regaining its origina. Cirmensions il tbe strass 18 if constant stzess 18 m‘m‘d"" AL CERE In the individual halite ¢

. removed, Tbe stress at whick an apprecabie temperature the rate of ‘,f°”’}"‘°° of sl mechanism of deformati
permanest deformation is £r31 ooserved i Crysials is inversely proportional to the c- gliding on the dodecahe

4 i fining pressure. The eSect of cenfining pressure planes, altbough some trs

Tnowr as the vield siress. For sr:cimc:.s of ! b = ited Figure 3 thows
= g ‘s A . . , de
tilze in its onginal Gepesitiora forrm. 1be ":__ °“°;°‘- very hmite ¢ 1gur e
: =gl " : " nfin
stress-scmain curve is of the rype of the solc efect of remperature and €o £ P

. Lss A-D in Figure 1. No distinct yielc point

also occur on the cubic pla
Where salt has undergo:
tion. a certain preferenti

—.—’-'—w'.

is evidest, but the Geformation 18 amost pre e ——— ] ult grains should be ev
completely elastic oaly L2 o sbout lgk aﬂ.d. 202 l | | : i ‘ f;“‘ gxi?(&::c studies o
17 e stress is rased 1o 100 kg/crn® and reizass . / the Gu st area ars
as i; B, :br::z C.4 percfn'. of permanest it | [ t | baugh, 1962; Muchlbe
celormation remans (Sorchert and Muir, & | //“'f’" A 0 ‘ l9‘;8;_¢arfer ;ndleean
. ‘ : ‘ ' l i anhycnte 1s abunaant, t
_ te0 e |
'l | .é 2e : |/ | | l ’ l (=3
i YT T T T 5 oLt
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Figwe 1. Quasisaus éeiommation of 3 sampie of .. STAMN (%) ! € 3 ©
e €musfum Halite showizg e effe of temporary . ‘ Fipure 3. Suess-strais

resease of sress, the amous: of pemazest defomatioz Figure 2. Efect of annesiing at 600° C oo U e rals deformed éry in com
praduced, 306 the cutins vieds poiat produces whez  susio curves of sampies of the Stassfurs Halre. ™ Nny confining pressure and

e sazpie was suased oo more (Som Dreve, 1955).  ifiec from Dieyer and Borchery, 1955.) (fom Handin and Hage, 1§
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SALT TECTONICS AND DISPCSAL OF RADIOACTIVE WASTES

oo the deformstion of halite erystals It is
evideat that the efect of confiaing pressure
1s secondary. I= aarure, the aase of deformation
of salt increases with depth, bezause the in-
erease of temperature with depth overnides the
efect of the incressing confining pressure. At
a depth of 9,000 10 10,000 m. assuming a
geothermal gracient of about 30° C per km. the
temperature would be about 300° C and the
deformatios would occur without any strain
bardening. Other parameters are koowe to
infuence the ceep of rock salt LeComte
(1955) bas found that the creep rate is pro-
portional to the stress difference and that ar
increase in grain size recuces the creep rate
I addition, the ceformation of salt is inSuenced
by the rate of change of stress. Io narure the
budup of stress diference on a wlt formation
8 2 very slow process. Adcitional parameters
sfecting the Lirge-sale deformavion of st
formations are the thickness of the salt beds,
the amount and aature of the impurnities cor-
ained in the salt, and the presence of Swds.
In the ind:vidual balite erystals, the principal
mechanism of deformatioc is by translation
ghiding on the dadezhedral crystallographic
planes, altbough some translaton gliding may
aiso occur on the cubic planes (Clabaugh, 19€2).

Where sa!t has undergone extensive deforma-
ton. a cerain prefereatial onentatioz of the
slt grains shouwd be evident. However, the
few petrofabric studies oo salt specimens from
the Gulf Coast irea are not condusive (Cla-
Ssugh, 1%62; Muehlberger and Clabaugh,
¥58; Carter and Heard. 1970), but wbere
amhydnte is abuncant, the onientatioz of the
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Figure 3. Svessstas curves for haliie siagie
evrsls deformed éry in compression at 1,000 and 2,000
%15 confining presrure and at ciferen: temperatures
fvm Hindiz 3aé Eager, 1938).
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anbvdrite crvstals in the direction of movement
1s evident (Balk, 1949).

condlusion, the physical properties of
halite in the Laboratory are fairly well known,
but the defcrmation of salt formations io
nature is poorly understood. The best way to
learn about the physical bebavior of salt in
nature is not by the extrapolation of laboratory
experiments, but by the srudy of geologic
structures causec by the deformation and fiow-
age of salt

SALT DEFORMATION

Evaporites are very common seciments and,
with the exception of shield arezs, they are
found in all parts of the world; in age they range
from Premmbrian to Holocene. Because of
their high mobility, at least in s geologic sense,
evaporites that are or have been buned to a
certaio depth vsually show some deformation.
When a posidepositional movement of the salt
relative to overlyving and underlying strata
hat occurred. salt structures have been formed.
Salt structures vary from salt bed thickening
caused by moderate fowage of salt 10 very
Lrge diapin, where teps or even bundreds
of cubic kilometers of salt have been intruded
through the overburden. Examples of all
possibie intermediate structures are known, and
2 complex 1erminology has resulied from the
descriptions of these situations.

Sal: anticlip neas
It Bas accumu
s .
pillows and salt ndges are similar to salt anu-

clines, usually with a more advanced accumula-
tion, but stll no picrcement. Salt walls are
Lnear structures with very steep or subvertical
£anks. From the linear structures, the Jocalized
accumulation of s2lt in areas of mipimum
overburden pressure can result in the formation
of structures with subcircular and circular
borizontal ssction. A subcircular accumulation
of salt that Lfts the overburden without piere-

ing it is calied 2 salt uplift.

Whep sal: has broken
?"‘—'T_Lh. . es

e:::Fg_s. he term salt dome seems (0 describe
s salt uplift satisfactorily, but unfortunately
is generally used in relation to piercement
structures. Where several diapirs merge at
c=ptk into a salt ndge, the whole complex is
called salt masuf
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Driving Forces of Salt Deformaton

Forces resulting from the weight of the
overburdes are always acting on every salt
bed or salt structure. In addition, horizontal
compressioc due 1o tectonic movements may
also be present. In some areas (for example. in
Romanua), tectoaic forces have coviously been
important in the deformavon of salt. but in
otbe: areas the forces responsible for salt defor-
mation must bave been exclusively gravita-
tional

When a salt bed is exposed to different
pressures at different points, for any reasws,
s pressure gradieat in the salt will result. If
this pressure difierence is suficient to deform
the salt, plastic fowage will occur. When salt
is driven along the mother bed from high-
pressure to low-pressure areas, 2 geometnaal
change occurs that necessarily infuences the
surrouncing strata. The overburden must be
uplifted over the zones of salt accumulation,
and it must be downwarped, or grabens must
be formed, over the areas from which salt s
squeezed out. The mode by which the over-
burdsn adjusts to the deformation of the wlt

. bed is controlled by its physical properues.

While incompetent matenals foliow the salt
mainly by stretching and folding, comperent
stra%s may undergo extensive faulting. A very
strang 3nd ngid overburden could even prevent
salt meformation altogether. Once the varia-
tions in thickness of the salt bed. because of
salt Sowage, are esiablished, the diference in
density between salt and overlying sediments
begins 1o play 2 part that gains importance with
the progress of salt accumulation. While the
density of salt is fairly constant ar 2.2 g ‘em?,
the bulk density of terrigenous sediments is a
function of the compaction that they have
undergone. '

The densinv difference berween salr and

seciments inSuences the deformation process,’

becauss it aSects the pressure apphed to a
borizontal reisrence plane located in the salt

ody. Figure ¢ shows diagrammaticaily the
Gevelopment of a salt diapir. Let us consider
an imagizary borizontal plane on which are
located the points ¢ and &; the vertical lines

going through ¢ and & intersect the boundary
- 4

betweer sait ané overburden at ¢’ and #” and
intesseci the suriace at ¢’ and &', In stage 1 all
beds are horizontal and no differential loacing
should exisz, unless the density of the over-
burden is not uniform.

FERRUCCIO GERA

In stage 2 a pressure difference has developed
beczuse of the diference in density berwees
salt and seciments. The Joad at & is equal to the
weight of a salt column with height 66" plusy
sediment column with height 6”4’ At ¢ the
load it ag’’ + &''a’. 1t is clear that the higher
the salt structure becomes the greater the
pressure Ciference berween & anc £ as a result
of tbe density difference berween salt and
sediments. In stage 6 the pressure difference s
at 2 maximum but no salt 1s left at 4; therefore,
no further deformation is possible. A very
unponriant point is that prior to any deforma-
tion the diference in density between salt and
sedimeat has no efect whatever.

Gussow (1968) has calculated that ar the
base of a diapir 8,500 m high Jocated in the
Gulf Coast asea, the diferenuial pressure due o
the slt-sediment density contrast would be
abou: 160 10 170 kg ‘em®. The above considers-
tions are vilid orly as long as differental
sec mentation between rising and subsiding
arexs or eresion of the uplift, or both, keep tde
surface honizontal. I{ the nising salt compacs
the overburden, thus increasing 1ts density, or if
no Giferential sedimentation ancd erosion take
place, the pressure at ¢ would increase pro-
gressively, anc evenrually the pressure difier
ence énvirg salt from & 1o ¢ would become
insufScient to maintain the fowage.

Piercement of the overburder and intrusios
of the salt can only occur when the sies
exsrted by the rising salt excesds the shear
strength of the cover. Logically, salt deforms
tion should be influenced in a very significant
way by the physical properties of the surround
ing rocks. In many instances the overburdes
has behavec as an incompetent complex follow-
ing the deformation of the salt bed. However
at the time of the diapiric intrusion, extensie
faulting of the overburden occuss, and tht
distrubance of the intruded strata can be ven
markec.

The faulting associsted with the intrusiot
of sait diapirs proves that the overburden
haves as 2 50lic that has been exposed 1o stress
in excess of its shear sirength. The diapin¢
salt nses as 3 plug pushed from underneatd
Because of the plasticity of the salt. the shape®:
the plug will adiust to the distribution &
prassures suzrounding the salt. For example
whez salt approaches the surface and ns®
olidsted sediments with dens®

lowe: than 2.2, some lateral spreading of 1
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SALT TECT
surface structures; the bonz

Timbalier Bay, and Caillou Island diapin, ig
normal adjacent to all salt dis

salt plug can occur because of the weak con-
the Louisiana Gulf Coast, contains in exces

finement that the sediments aford. The study

of the internal structures of several salt domes
of the Gulf Coast ares suggests that the salt
lug advances in spines and lobes separated
y sheanng planes. The movement of the salt
is proably jerky and disontinuous, being
contrclisd by the interplay of several factom,
mainly work hardening of the salt, ielanation
and recrvsuallization, and resistance of the
overburden (Balk, 1949; Muehlberger, 1959,
Kupies, 1968).
Necessary Thickness of Mother Bed
Geclogizal data indicate that a minmum
thickeass of the salt mother bed of the order of
300 to 400 m is required for the development
of dizpirs. To prove that a minimum thickness
of the mother bed must be mecessary, it is
suScient to analyze the koown facts about
salt dizpir dimensions. A typical salt diapis 0
Greular to oval in section, with & diameter of
2 10 1% ke, and the height, althougk {requeaty
unknowe. is at least several thousand meterns.
In the Gulf Coast area, the depth of the
mother bed is 2 minimum of 8,000 to 8.000 m.
1o oiber areas the mother bed is much closer
to the surface; in the east Teaas an north
Louisiana synclines, the depth to the Louazn
sal: ranges from 3,000 to more than 4500 m
(Arwater, 1968). lo the German salt basin tbe
depth of the mother bed ranges berween 2.000
ané 5.000 m (Trusheim, 1960). In northermn
Algerz the towl depth to the Cuapine Trassic
compiex is op tbe order of 3,500 1o 4,000 m
(Bertranew, 1957). In southern lran the depth
10 the motber bed is usually 6,000 to £.000 m
(Harrson. 1930; Keot, 1958). Toerefore, it is
cJear that the volume of salt involved in single
diapiss is many cubic kilometers. In addition to
the classical salt diapirs of cylindrical shape with
nearly vertical Sanks, many bell-shaped diapims,
re.scn:‘:;‘un; truncated cones, are known. The
volume of salt contained in cone-shaped struc-
tures san be enormous. For example. the Lake
Wastongtos dome. Plaquemines Pansz. Lou-
‘sizna coniains 200 km? of salt duws toa depth
of about 5.000 m. The depth of the mother bed
's LhanOWS, but it is safe to state that the total
volume of salt in this structure must be wel
in excess of 1,000 km? (Arwater and Forman,
1659), Even larger salt structures are known;
for example, Atwater anéd Forman (1939)
estimate that the sal: massif formec by the
nerpng at depth of the Bay Marcrand,

of 5,500 km? of salt. The initial thickness of
sali in the source area of the Marchind-

Timbalier~Caillou Island salt massif has beeg -

calculated by the same authors. They stre
that the volume of salt now present in the
rrassif, if distributed uniformly in the sowee

arez. would result in a salt bed with 2 thickoes

of the order of 4 10 5 km. :
In many cases it is evident that the volume
of salt in the salt structures is only part of the
total sal: present in the basin. When the sowe
areas of different salt structures are well
defined, it is possible to identify areas from
which salt has pot been drained. Even whep
the source areas are unknown, it seems Lidy
that some salt is left in the mother bed, at
Jess: at a distance from the salt structures
12 «ddition, large volumes of salt have bees
removed from many structures by dissolutios
or erosion. or both. When rhe volume of ap
rock and the salt composition are knowe nt
is possible 1o estimate the amount of sal: that
had to be dissolved for the accumulatios of
the caprock formation, but if salt was extruded
at the surface. as in southers Iran, there is 0o
wav to calculate the volume of missing salt
The extent of the source area can b: et
ratec {rom the spacing between diapinc sue
teres in a Gizpiric amily and from the dimesr
sions of wel-developed peripheral sinks. The
term penpheral sink was proposed by Nettieton
(1934) to describe the depression in e sl
bed, caused by the squeezing of the bed as sk
moves into the ares of salt accumulatior. The
downwarping of the overlying strata inte the
periphesal sink results in the feature called nm
syncline. The im synclines formed in the io-
ual stage of salt deformation are calied prr
mary, distinct from the seconcary nm synchos
that are formed in the stage of diapinic intrusos
If the primary rim syncline can be recor
tructed, the amount of primary subsidence 8
an indication of a possible “minimum’ orlgm_!!
thickness of the mother bed. However ¥
many areat the primary sinks are 100 gesp
obseration, ané the known nim synchnes 8%
only the relatively shaliow expressiod @
deformation occurring during the last sufe
of the evolution of the salt structures RS
(1836) has stated that the top of the M:Elet
(Jackson, Eocene) Formation 53 good mans
horizon in the northern part of the Gu‘.."cl":
ares and that it can be used in mapping #°

on the cast side of San Fe!
County, Texas, the top of
sbout 600 m below its nor
srea Near Hockley dome
Texzs, the same marker boriz
Iy 450 m below normal (Park
1035). This mezns that a @
of wlt, 600 and 450 m, resp
squeezed from underneath
sinks. However, the whole st
uistion should be reconstruc
tuckness of the mother bed
from the evolution of the nir

It should also be conside
variations in salt thickness

bed can be caused by sedis
that result in  differenti.
Another process that migh
oxceptional salt thickoess i
siding of sediments. Graviny
to play an important role ir
sedimentary basins, and the
expected 1o be especially ac
of evaporites snd fine sedim
Lebner, 1969; Amery, 1969).

The thickness of 4 1o 5 km
by Arwater and Forman for
the Marchand-Timbalier<C
rassif is probably a case of s
nodepositional or postde
sms. since the concept ©
of 4 10 5 km of salt in the
basin is clearly unacceptab
Forman, 1959).

NECESSARY DEPTH OF !

The existence of a thick
tbouﬁh necessary, is not & su
for the formation of salt di
(1%68) mentions large areas i:
Zechstein salt, with a thic
shows little or no sign of
eample. northwest of the
north of Hamburg is 8 large
nen Salt adour 1.000 m 1
1000 1o 4.000 m of sedimer
Ut or 3 batement nsing r
wope of 1° 1o 2° Apparently
uer, even to the initial stage
%curred: instead the salt b
opinal uniform thickness ($
Tr?rrfore. burial under a s
3000 10 4,000 m thick is not |
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SALT TECTONICS AND DISPOSAL OF RADIOACTIVE WASTES 3557
surface structures; the borizos is deeper thas  condition to initiare the flowage of salt, In

normalacacent toall wlt diapins. For example,
on the e« side of San Felipe dome, Waller
Counry, Texas, the rop of the McElroy s
atout 600 m below its normal depth in the
area. Near Hockdey dome, Harns Counry,
Texas. the ame maruer horizon is approximate
Iy 450 m below normal (Parke: and McDowell
1957). This means that 3 minimum thickness
of wlt. 600 and 450 m, respectively, has been
squeszec from underneath these peripheral
5.2k, However, the whole sto of slt sccum-
vlauon siould be reconstructed if the onginal
thuckness of the mother bed is to be inferred
Lom the evolution of the rim rynclines.

It should also be considered thar onginal
variations in wlt thickness along the mothes
e¢ cazn be cused by sedimentary processes
that result in  cifferental accumulition.
Another process that might cause areas of
excesticral salt thickness is the downslope
sicing of sediments. Graviry shiding is known
1o pay 32 importar: role in the evolutios of
secimentary bating, and the process would be
expecied to be especially active in sequences
of evaportes and Sne sediments (Dotr, 1963
Lebaer, 1969, Amery, 1969).

Tae thizkness of € 10 5 km of salt alevlated
by Atwater and Formaz for the souree ares of
tte Marchand-Timr talier~Cailiou Isiand salt
masel is probably 2 =ase of salt thickening by
rraceporivozal or posidepositional mechan-
is8 since the concept of the accumulition
©f 4 1o 5 iom of salt in the entire Gulf Coast
basic is cearly unaccepuble (Arwarer and
Forman, 1959).

NECZSSARY DEPTH OF BURIAL

ot exstence of & thick laver of salt, al-
though nesessary, is not & suScient condition
for t>e formation of salt diapin. Sannemann
mestions large areas in Germany where
Zechsrein wlt, witk o thickness of 1.000 m.
shows Little or ne sign of deformation. For
eamaie northwest of the saltstoek fa v
vemi of Mamburg i s large ares where Zezh
nes Sat sbout 1000 m thick covered oy
2000 10 4297 m of sedimentary overburden,
8% 0% & Dasement rising northward with g
tope of 1® 10 2% Apparently, no salt defo. -
non, eves 1o the initial stage of salt pillows, has
Gicurred: izstead the salt has raintained iu
(03 na Lalorm rhizkness (Sannemann, 1968),
Trerelsre, burial under a sedimencary cover

0N e 2

e 4000 mthick is not in i-se!f 2 suSicient

other areas of Germany there is goud geclogic

evidence that salt deformation started when
salt was only 2,000 to 2,500 m deep (Roll
1956). It is clear that there is no distinct
micmum depth of burial separating deform-
able from competent salt beds. Although the
ease of deformation of salt undoubredly in-
creases with depth because of the incresse in
termperature, the only critical facror in the
@eiomation process is the pressure difference
to waich salt 15 ex

To reconstruct the initial phase of salt
deformation, it is necessary to anzlyze the
vanation in t ickness of the beds of various
geologic ages. o that the development of the
nm synclines aan be determined. This can be
done only if abundant data from boreholes and
from seismic profiles are available. Sannemann
(19€8) reports the example of a salt-stock

family, located west of Bremen, for which the
ages of the rim synclines of the individual
iapis are known (see Fig. § for the spatial
relations and ages). The Arngast diapir has a
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fim svncline of Keuper age (Lpper Trzssic):
the Srzel and Stracknolt Ciapirs are Liassic
(Lower Jurassic); the jaderberg diapir devel-
ope< in the Dogger (\Ggcie Jurassic); and the
Serarrel and the Zwischeszhn struciures have
a nm syncioe of Malm-Cretaceous age
(Maim = Upper Jurassic). Even fartber so-.ni.
the Neusrenberg Capir bas a Teriary nm
svnckioe. The defo

rmatioz has moved as 3 wave
{rom north to sout in a Ume penod oi about
100 m.y. In Keuper ume, when the im syn:
cline of the Arngast Ciapir was formed. the
mo:her salt bed was bune at 2 depid of 2,000
10 2.500 m. Whether the siress gracient,
pecessary for salt fowage at such relatively
shaliow Cepth, was caused oaly by differenual
loading or by a combiration of gravitational
and tectonic forces is pot clear. However, if
tectonic movements occurred, as seems Lkely,
they were Lmited 10 triggering the salt
de‘ormation through foiding. Once folds were
{ormed, difierental accumulation berween
synclinal and astclinal areas furaisbed the
:.;ess differeace necessary for the fowsge of

Ieiuence of Overburden

Piercement of the overburden and intrusion
of the salt an oaly oeur wheo the stress
exsried by the nsieg salt exceecs the shear
suength of the overburdea. The paysical
properties of the o erburder are thereiore an
ymporiant  parameter in determining bt
gevelopment of the Giapinc process The
resisiapce that the overburden oFers 10 the
st intrusion is a function of the sheat swength
and thickness of the rozke Sakt diap.rs ait
generally located in sedimestary basins char
scterized by exteasive subsidence and accum-
ularion of great thicknsss of sediments. in such
sedimentary environments, tErngenous sec
iments prevail; these shale and sand layers are
usually quite incompetent. However, ases are
also known where the salt has pierced compe
tent rocks. In the northeasiern Texas and
norhern Louisiana arsas. the Louann mother
hed is overlain by Late jurassic anc Cretaceous
srais in wiuet calareous facies are wel
representec. The thuisness of sirata it which
Lmastone prevais i of the ordsr of 2.000 m,

but the ngidity of the overburden was in-

suScoent 1o prevent the formation of well-

ger eloped rim synchines (Arwater, 1968).
However, ao overburéen of remarkable

sirengih and npdity @n eSecurely Limut the
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plastic deformation of the salt bed. If pietce
ment should occur anyway, the formation of
rim synclines might be impossible; instead, the
overburden would adjust to the deforming
salt bed by the movement of fulted blocks
An important consequence of the lack of 2
well-developed peripberal sink could be that
no cutoff of the diapir from the source arm
would occuz, and therefore salt intrusion
would be arrested only by an insufcient
pressure difference of by depletion of salt is
the mother  South Iranian salt diapin
have a number of features that might be relsted
to the unusual strength of the overburden
Iranian Diapirs

In southern lran the mother bed of the
diapiric salt is located at unknown depth that
could be even greater than the estimated 6,00
to §.000 m. Strong. competent rocks are well
represented in the thick overburden (Harnson,
1930; Kent, 1958). Whether the pressur
differences caused by differential lonI':n; ad
actually fracture several thousand meters of
trong, compeient overburden is open W
questien. If the contribution of tectonic fores
and the intrusion along prediapinc faults
g;oy ced. 3 certain degree of alignment should

recognizabie, but this does not seem to be

the case. On the other hané, possibie prediapinc
teztonic alignments might masked by ik
more recent geologic history, especially the
Zagros orogeny of late Pliocene time. The most
provable solution, therefore, is that the s
Geformation and the rise of the salt diapin
lasted for a long part of the subsidence of the
basin. 1n this case the salt plugs never hat 10
break through the total thickness of over
burden. Extensive faulting is evident, cspem['!
in the Tertiary Lmestones, that could
related to salt diapinism.

The intrusive salt, probably of Cambrias
age, typically carries with it a disordent
assortment of sedimentary, igneous, and o
casionally metamorphic rocks. None of thex
matenials outcrops in the area nor do they have
a counterpart in the normally exposed st
igraphic sequence. The complex of allod
thonous matenials is known as tbe ""Homis
Salt Formation” or ‘‘Hormuz Senes.” _

The large amount of exotic matenal that 1%
salt has torn from lower levels and transpo™
10 the surface might be a consequence of
rigidity of the encasing formations. The €
mensions of most exotics are of the order 08
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few or several meters but
Kent (1538) mentions cast
1.000 to 1,500 m across. T
sllochthonous materials o
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surface. U a conglomerat

contains {ragments of Hor
age of the congomerate
Jw.i\e evidence that dur
of the conglomerate the
reached the surface and wi
For example, the Khormu
10 conglomeratic beds
interbedded in the lowe
in this case, a very ancien
sirared. Many other diapi
in Miocere time. The g
were already at the surfi
very important, becau:
complex exceeds 4,500 m
great part responsible fo:
pdity of the overburden
nne and concordant over
During the Pliocene the
Lifted, and thick conglor
Lted Many diapirs were
posiorogenic time.
When salt outcrops an
wins, the extrusion mus
in many cases, is probabl:
Namak in Dashustac an
spectacular examples of
ing 1.200 m above the le
plain. Undoubtedly, tb
the area is responsible
the salt mountains. It }
that the very ngid over
the formation of the j
wlt 1o flow untl eith
depleted or a high
formed so that its weigh
ing pressure difference.
reaching 1,200 m abe
mostatic equilibrium, 1
column should be equ
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{ea 0: severa! meters but a few are very large
Rent (1958) meauons cses of Paleozoic blocks
L0 to 1,500 = azoss. The vaiguensss of the
alacathonous rmatenials of the Hormuz Senes
occasiozally proviiss geologic evidence of the
Gme whes indivicual slt diapirs reached the
sodace If s coagomente, dose to 3 diapis,
coatains fragme=s of Hormuz rocks, aacd if the
sz of the congomerale is knows, it is coo-
ossive evidmcs that during the sccumalatica
o the cospomente the GEpir bad already
reached the surfact and was undeIgo.ng £70810%
for sample the Nhormuj sl duapir gave nse
o cosglomerauc beds of Hormuz getntus
i=te-beadec 1o 3¢ lower Eocent thereforse,
i this case, & very apceat extrusion is Gemon-
eraec. Mazy otber dispirs reached the surface
i Miocene ime The fact that many diapits
sere slreacy at te swiace in the Miocene is
very impomact, beause the Mio-Plhocene
o piax exIeess 2,300 m in thickness and isin
great part rsspomsibie for the strength and ni-
péiny of thz o e-burden. The Nioceo: is ma-
“peand coscordant over the oides formatioss.
Dunzg the Puocene the Zagros range was Lp”
thed and ihizk congiomenstes were accumu’
zied Many Claps we'e active io orogenic and
postorogen ¢ TM.

Whes s: outcrops and forms aills or mozs-
wains the exiruson must be very receat asd,
ir, many cases. is prodably sill going or. Kus-i-
Narsk iz Dashosias and Rukb-i-Shur are ™o
sprotacular exarples of sal: mountaics toser-
ing 1,200 = adove the Jeve! of the surrouncing
pair. Uncoudiedly, the very cry cimate o
the ares is respoasible for the preservauoz of
the wit mountans. It has also bess proposed
test the very £pé overburdes, by prevenung
the formation of the peripheral sink, causes
gt 1o fow uztil ether the mother bed is
depisted or & higd epough mountais is
fommec so that s weght compensates the cnve
ing press.re CIerenie. I the salt strucrures
reaczing 1,200 m above plain level are in
isorane equivzdum the weight of the salt
: . pe equal to the weight of a
Sments 1,200 m shorte:, pegiect
| ¢nving pressute that warted
to=mztics. For s smalt deasity of 2.2 anc
tenvry of 2.55, the mother bec
b of about 7,500 m. Oz the
; ie very aric southern Iras,
remaved by erosion asd disolution at
(ka1 perfect equilidnum &= srod>
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further complcated by the plastic deformation
of the it masses under their own weight and
resulticg surfsce flows.

Surfsce Flow of Salt

Naoy diapirs are characterized by over
banging Sanvs. A generally accepted explana-
Gom for this feature is the growth of the salt
plug tbrough weakly consolidated sediments
with Gensity less than 2.2. Under these condi-
tions tae ris.ng salt diapir can expand horizon®
waliy, because the uncompacted sediments offer
L ted resisance to the lateral spreading of
the salt (Weler, 1959). 1 the diapis reaches the
surface anc nses above it, the salt is no longer
supporied by the encasing sediments and lateral
spreacing inoreases markedly.

The osformation is caused by lateral creep
unde: the weight of overlying salt. The higher
the salt reliel, the faster the creep that causes
the Lieral spreading of salt. For such & situa-
Gon o take place, the rate of salt extrusion
must excee’ the rate of salt removal by erosion
and cissolution. This may well be the case for
sevess! salt dizpirs in southern Iran, where,
because of ta¢ Lmited rainfall, salt dissolution 18
mini=al: hawever, ia the past it bas been true
of o:5er arsas as well. Salt diapirs reaching the
susfase 2re knowa also in a few other areas
charo:terized by and climate, such as Spain
and zorthemn Algeria.

Figure € shows the Wienhausen salt diapir
in porthwestern Germany; it ofers a good
example of fossil surface fows. The ciapir
rescoed the surface in Upper Cretaceous time.
and ibe struciure was buned and preservec DY
the sccumulation of Tertiary sediments.

1t soutiern Iran many examples of surface
fow of sait are known; they are usually called
salt glaziers and can extenc several kilometers
away {rom the Main sait mass. Harnson (1930)
descsibes the Kub-i-Siah Tak diapir and assor
Gatsd sai: glacier in the following way:

It forme s dome-shaped hill in a cirque bitten out
of the pe=hern edge of Kuh.-Burkh. Between
Use st 353 the precipitous himestone walis hies 2
£3ibcrtomed valey. The seciments follow the
ror=a Du.d of the annichne. and the circuiar valiey
petvesz taem anc the Lerra-cotta-cooured st
pivg s t3e zone of shattenng which weatherec
awsy €38 v. The intrusion 18 about 3 miie and 3
2l ie dameter, anc from s northern side extends
a £a: tor.gue-iike sheet of salt and gypsum. 3 miles
Jozz and sdout 1 miles wide

4.¢ s: ancé gepsum of the plug proper i

ceacpeC. Tae Hiuatica mugst be tizged e by overiying clay ané sand debris. The

p——— -

o .

red

e e e by Teu s | 8 SO

5o SR ey Sl O &0 . i S —— )

.

Dby B

-

e

.'!’7"'."\"' -

-v’-om“?_

.

v o v e = o 3w

So===

l

- o b gt

.

o — s — g

g e T 1 At e AR TS

e o




B e L i T T ]

L

-

3560

.~ . e

FERRUCCIO GERA
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Figure 6. Wiechauses salt diapls, nonhwestern
Germacy. This coss secuos indicates that ie Upper
Creaceous time the Ciaplr reachec the surface and
formed 3 mountsia of salt. The spreading at the surfaze

siopes of this bill are io marked discorcance with the
sic;¢ of the saline sheet, marking. spparently, tne
junctios beiweez the limits of the plug anc the
‘glacier’: Uus slopas outwards at about 3°. The ecye
of the sheet rises steeply from the alluvium witz
which it is in conuct te 2 beight of {rom 50 to 200
feer. The surface is irregular, and 15 seamed with
crevasse-like gulies. Paiches of epidouzed bawuit,
brown siiceous snale, dark and stnped Limesionss,
ané red smndsione rest on the main mass of tne
sheet. which is largely made up of salty gvpsum. 0
that the white base 15 vaniegated by green, brown,
black.and red. .

The plug bas cut through Eocene and Oligocent
Limestones oo the northera side of 5 greatanuichine.
Younger rocks are covered by alluvium. The
disturbed contact zone bas bren removed by
erosion. Jt was probably istruded after the main
foiding mevernents iz Phocent umes, but this co-
not be exactly determuned.
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was well advinced in upper Campinian time whes
sediments started (o sccumulate on the salt (from Scho,
1956, as aapiea by Gussow, 1968).

A few Kilomerers away Lies the salt diapir of
Kuh-i-Gach. It {oims a hill of salt more thas
300 m higher than the plaia. On the south side
of the hill, sait spills over the plain, where i
forms & tongue-like sheet about 5 km long. Toe
iapir has a diameter of about 2,400 m. One
again, the suface of the salt shows a shap
discordance between the hill and the ghae.
The margn of the glacier nses steeply {rom the
alluvial plain to 3 heigh: of 15 m or more. Toe
salt shest has a very gentle tilt outward from
the diapir to the center of the plain. Figure7
shows the Kuh-i-Gach salt diapir with iB
associated salt glacier. Figure § 15 Harnsoo’
(1930) skeich ms> of the area showing the
relationship of five salt diapirs, including the
Kuh-i-Siah Tak and Kub--Gack, with ther
salt glaciers The important po.nts are that

LR TN

Siaw
4 /%

coaciEe”

Figure 7. Kub-i-Gach saht plug ané awsociated salt glacier. (Redrawn from Harnson, 1930.)
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Figure 8. Sketch map
Fub-i-Sish Tak; SP. 6
Kub.i-Shur; SP. 69 = }
Rurdeh, §$.G. = Sal *x
Gyprum = Infra-Numm
wn, 1630.)

the Sow has occurred
to horizontal and that
rried along; therefo:
arism of Sowage mus
deformation of salt. T
bowaze of the sarce
dieolution and recrvs:
and might deserve ir
lea:: a5 illustrated in Fi
s presently available te
@ sheet. Therefore, -
pret tiis and many o
laatures. At the time ¢
growth of the diapir,
wat formed which,
spread over the
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breral flow, Present &
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rounding area. The only logizal explanation
is continuous growth during alf!b&s time penod.
A similar situstion is probabdly occurnng in
several present basins, as discussed below in
relation to the Sigsbee Koolls.

Considering the complexity of salt deforma-
tion and the many parameters that can actively
modify the forces acting oo the salt and the
physical properties of the salt itself, it is no
surprise that diapir growth is not a regulas,
un:form process. Bali (1949, 1933), Muehlber-
ger (1959), and Kupfer (1963, 1968) have
srudied the internal structures of several salt
domes in which mining operations have been
conducted and concluded that salt advances
in spines and lobes separated by sheanng

lanes. The salt movement is probably jerky
and irregular: possibly phases of diapir growth
are separated by periods of stasis. The slow rate
of growtk hss been questioned by some authors
who raintain that tbe intrusion of salt dispirs
in 2 gevlogic sense is2 rapid, even a catastrophic
process. Usually no quantiwative definition of
the terms rapid ané catasirophic is given

Therma! Considerations

Gussow (1968) meations the surface salt
Bows of soutbers Iran as proof that the salt
reached the suriace sdlr hot. Thersiore,
Gussow's statement implies that salt moved so
rapidly from the depth of about 9,000 m
(where the supposedly cntical temperature
of 300° C might be reached) to the surface
that po appreciable cooling bad time to tzke

lace. ]t should be noticed that with suck 3
Ei;b rate of intrusion the heat produced by
internal friction would substantially affect the
temperature of the salt. Eves more revealng
about the implied rate of salt deformation is
the fact that the surface fiows should have
tahen place before cooling of the salt below
300° C.

Therefore, the time available for the surface
fiow has 1o be assumed short or the salt could
pot remain hot. One of the salt Sows described
by Harnson (1930) is a sbeetike tongue
extending for 3 km on an almos: borizoptal
surface. For such a flow 10 take place before
appreciable cooling, a very low equivaien:
viscosity of salt must be assumed. On the con-
trary, the availsble evidence indicates that
the equivalest viscosity decreases smoothly
with increasing temperature. and no sharp
change in physical properues of salt exists in
the temperature range of 0° to 750° C (Ode,
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1968). The discussed disappearance of the work-
hardening efiect zround 300° C has the result
of keeping the rate of deformation constant
under constant siress, but it does not reduce
the equivalent viscosity, Serata and Gloyna
1959) have found that by increasing the
temperature from 27° C 10 410° C the rate of
the transient creep is only increased by a factor
of 90 and the rate of the steady state creep
by s factor of 75. The conditions of the exper-
imeat were constant pressure of about 50 kg/
em® and no confining pressure. Io the range
berwees 600° ané 750° C, Chnsty's (1956)
experiments show that each 100° C-temperarure
decrease causes a 35-fold increase of the
equivaient viscosity.

Io this context is is acceptable 1o use the

bysical properties of salt determined by

boratory experiments, because the surface
fow, as propoted by Gussow, would have
occurred in 2 time £pan of comparable duration.
Bradshaw (1670, wntten commur.) has cal-
culsted the time necessary for cooling to
conditions of therma! equilibrium of a surface
fow and of a salt diapir (Turper and Crowell,
1969). The salt temperature at the initial time
is assumed to be 300° C throughout the salt
mass, as it is required by Gussow's theory.
Table | shows the physical properties of salt
and seciments used o the calculation. Figure
13 shows the rate of cooling in two salt
Sows 30 and 100 m thick, respectively. To
simplify the calculatios, the salt flow i
assumed to be of uriform thickness and iafnite
honzontal extension; in addition, no beat loss
downward to the ground is assumed. Since the
heat loss to the atmosphere sbould be control-
Ling. the error introduced by the lack of doswr
ward heat Sow is probably not greater than the
iptrinsic uncertainty of such aalculations. It 1
clear that if we assume that the surface fiow
can only occur when the salt temperature 1
close to 300° C, the available time varies from
several months for 2 Sow 50 m or less in thidk
ness, to several vears for a Sow of 100 m o

TABLL ). PUYSICAL PROSIATICS OF SALT AN SEDIWENTE
USED T CALCULRTE RATE OF CODLING

—
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Salt Secimer D
tenstty (g/e’) it 2.t
Thersa) comauctivity | PR
{cel emssec/®t) Tha i S
heat capecity (cal/ee'/*C) 0.4 g.40
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DEPTH BELOW SURFACE (merers)

Fipure 13. Theoretica! temperarure profiles of salt
fiows (160 = and 50 m thick, respectively) afier various

more. For a 5-km-long salt glacier the rate of
scvince would average severa! meters per dav.

O the other hand, a typical flow for ice
ghaerr is of the order of several meters per
var; therefore, it would be necessary for the
w2t at 300° C ro have an equivalent Viscosity
sbsizotially lower than the equivalent vis-
couty ofice. Occasionally, ice glaciers undergo
eceotioaslly rapid advances, but these surges
are Cue 1o conditions of instability afecung
te basal Laver of the glacier, and not to the
azceizzation of the creep rate (Robin, 19€9),
Since the equivalent viscosity of ice it of the
vrder of 104 poises, 1 1o 2 orders of magnitude
over thap the equivalent viscosity of halite,
and since even at 300° C the equivalent viscos-
iy of halite is higher than 0¥ poises, the
ez oable conclusion is that the advance of
i flows at the rate of meters per dav is
Phvicaliy impossible. It is thus confirmed that
wlt thciers are due 1o normal geomorphologic
Prozzsses 2nd are not an indication of gngh salt
'Thperaturs,

Figure 14 shows the rate of cooling of a salt

W reaching the surface: the height is
%+ 7 anc the diameter 15 3.000 m: thersfore.
‘2 Cimezsions are comparabie to those

% %a7e sal: diapirs of the Gull Coast or of
ran. To simplify the caleulation, the
has been fixed at 15° C;
=mrature at the depth of 9,000 m is assumed
B3cC

Krace tc.’np:rature

- Additional boundary assumptrions

DEPTH BELOW SURFACE (mevers)
times of cooling.

are that at 9,000 m from the center line of the
plug, the temperature increases with depth
(geothermal gradient 32° C/km) and no
temperature variation is caused by the column
of hot salt. In 2 time period of the order of | 10
2 X 10* yrs. the sait structure can be considered
10 have reachec thermal equilibium. Brad-
shaw (1969, written commun.) has made
adcitiona' calculations for a salt column with
its top 150 m below the surface and diameter of
1,500 m. but the rate of cooling is not markedly
difierent from the example of Figure 14,
Temperature meascrements in salt diapirs
indicate that the salt is usually at s somewhat
higher temperature than the surrounding
sediments at the same depth; however, this
does not necessarily indicate a lack of thermal
equilibium, but simply refects the high
thermal conductivity of halite. However. in
particular cases, the salt temperatures might
be anomslous. The two main causes of the
Lck of thermal equilibrium could be either
the residual heat from an originally and uni-
formly bot salt mase or the beat generated by
internal friction, in. 2 presently nsing salt piu
The distribution of temperatures inside salt
structures might furnish some indication of the
rate and mechanism of diapir emplacement.
The rapid intrusion mode! implies emplace-
ment of salt 2t high temperature and termina-
tion of diapir growth when sait is depleted in
the mother bed or when the peripheral sink
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5. SALT TECTONICS AND DISPOSAL OF RADIOACTTVE WASTES

41508 the supply. The model would be sup-
Jned if a diapir were found where thermal
aulbnum has not been reached and where
=perstures are generally high with max-
zuz values at the center Line of the diapir.
Tith the siow intrusion model the salt is ar all
ises in thermal eguilibrium with the sur
ounding sediments. Locally, zones of ab
wrmally high temperarure, caused by internal
=cwon. could be observed where salt is under-
mog sheariog. Therefore, the slow growth
wvuc bz supported if abnormally high tern-
s were measured dose to the boundary
sl st diapirs or ip assocdation with shearing
=oss. Selig and Wallick (1966) have calculared
2 bzt generation at the boundary of a
Zapir growing at the rate of 0.25 mm per vr
«=d found that it might afect the distribution
~ temperature in the salt. Since acrual rates
o growtb can easily exceed 0.25 mm per
7, some temperature distibution related to
==vor beat generation should be recognizable.
iaisterssting case it reported by Wynp (1965);
<ol nell drilied o3 the nortbeasters fazk of
2 Jeferson lsland dome (see Fig. 18 for
azvon) had to be abandoned when 2 localized
w0t 3pét of 230° C was escountered at 3 d=pth
dabout 1,500 m.

Smle Brecaa

On: more voice in favor of the rapid istru-
wx theory belongs to Outmans (1966), who
=ms t2at “the rate of intrusion is explosive
% 2 geological time scale once criveal sttes
% siress have beee obrained”™ To support this
Jatemest. the faultng 7 d fracruring evident
= maoy shales pierced by salt dupirs are
3usoed. However, fracturing is simply the
sde release of emerpy accumulated in
=uped rocks and does not give any indication
X the rate of accumulation of the strain. The
=wal! properties of shales depend on the
=ount of compaction they have undergone
“dicompacted shales are quite compsient
& defor priarily by factuning (Kerr and
heop, 1958), Shales tha: are weakly com-
=l e:ber because they have never been
E:ecteC to great pressure or because they did
Y ko ihe connate Buids, deform mostly by
*uc Sow. Asa marter of et, many examples
Y dapric shales are known Therefore, the
=3unsg of shules observed in connection
= mazy salt diapis is ap indication of the
= ol compaction of the shale at the time of
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salt emplacement and not of the rate of in-
trusion of the diapir.

Sigsbee Knolis

In recent vears ma-y diapinc structures
have been discovered under the bottom of the
sea. Salt diapirs exist pot oely on the con-
tinental shelf in fairly shallow water, as in
the porthern Gulf of Mexico where by 1968
close to 80 diapirs had been dnlled for oil, but
also in deep se basing, such as the central part
of the Gulf of Mexico. In August 1968 Chal-
lenger Kooll, one of the Sigsbee Knolls, was
dnlied in about 3,600 m of water, and it was
proven that these small hills are the sea bottom
expression of salt diapirs (Ewing and others,
1969). The Sigsbee Knolls are located in the
very fat Sigsbee Abyssal Plain, which occupies
the deepest part of the Gulf of Mexico.

All the observed data strongly support the
interprewation of a diapir growing at a rate
similar to the sccumulation of sediments on
the abyssal plain (Ewing and Ewing, 1962;
Burk and others, 196%). Figure 15 shows the
relation of the salt dizpir to the surrounding
sedments. The abyssal plain sediments are
maialy turbidity current deposits with a
pelagic component that was less than 25 per-
cent in the upper Pleistocene and Holocene.
In the lower Pizistocene and Pliocene turbidites
made up a litde more than half of the total
sedimeciation;in the upper Miocene turbidites
were again predominant. On the other hand,
all sediments cored on Challenger Knoll are
pelagic and the drilling was stopped at a depth
of 144 m below the sez fioor in the eap rock
The cap rock is overlain by sediments of upper
Miocene age. The lack of turbidites on the
Challenger Knoll proves that this diapir has
caused a topographic relief sufficient to prevent
turbidite deposition, at least since upper
Miocene time. The thinning of sediments on
the flanks of the knoll, as revesled by the
seismic refiection profiles, strongly suggests
growth during sedimentation. Of course. some
of the thinning 15 caused by differential com-
pacuon bzrween the thick turbidites and their
pelagic equivalen: on the hnoll. Howeve:,
downbuilding cannot be the main process at
work or the knolls would be rapidly buried
under the accumulating sedinents. Another
important piece of information furnished by
the driling of Challenger Knoll is that cap
rock can be formed under the fioor of the
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Figure 15, Suuctural cross section through Challeager Kooll. (Redrann _from Ewing and others, 1965.)

ocean. 1o this ase, the dissolution of salt can
only be caused by percolating sea water; clearly
this process limits the uplft of tbe strata above
the nsing diapir.

Near the crest of one of the Sigsbee Knolls,
Bryvant and Pyle (1963) have collected a core
5.5 &= loog, which contains indurated sediments
of middle Miocene age. The Miocene sediment
is 3 calcilutite indicating that sedimentation
was prevaling pelapc 'Igh: compactios indi-
cates that in tbe past the middie Miozene
sediments have been covered by younger
deposits. The present situation can only be
explainec by erosion or slumping of younger
ediments of the sides of the knoll These
examples of reduced accumulation of sediments
on top of a growing u. if belp to explain
many puszling relations berween salt structures
and surroundung sediments. For exampie. Day
dome (Madison County. Texas), described by

Bornhauser (196918 surrounded by seciments
showing no appreciable uprure. Figure 16
shows a cross section through this dome down
to & depth of about 3,000 m. Clearly no pierce:
meat occurred through the undisturbed straia,
even if some piercement must have occurred
through straia pow buried at greater depth.
Thbe logical explazation is that the mussing
sec.ments were never deposited over the sait
dispir or were continuously removed by

slumping and submarine erosion. This explana:
tion requires that the diapi had a posiuve
topogiaphic expression for all the penod of
oo s-cumulstion over its top. Therefore, the
rate of growth of the dapir must have been

? tbe same order of magnitude as the rate of
secimentsuon.

Caprock Formation

Salt diapirs with a thick caprock formation
ofer conclusive proof that diapir growth is 3
slow process. Many diapirs are known with 3
aprock formauen exceeding 300 m in thick:
pess (Murray, 1961, 1666). Narurally, the
volume of salt that has 10 be dissolved by
ground water 10 accurmulate a certain thick
ness of cap rock is a function of the amount
of insoluble impurities contained in the salt.
Kupfer (1963) has reviewed the problem of tbe
composition of Gulf Coast salt and conclud
that the average anhvénte content 18 unde
3 percent. In the sali strucrures of the Guk
Coast, anhyante constitutes 99 pereent of al
insoluble impunities.

Ocasionally, cases of markedly higher
anbydrte coptent have been reported. FO!
example, Hanna (1934) bas dissolved specimed
of salt from 90 m below the caprock coniact 18
the Hockley dome, Harns County, Texas (s2
Fig. ¢ for location), and found the insoluble
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f-;wc 16. North-south strucrusal cross section
wough Day dome, Msadison County, Texas; no

:5due to be 15.3 percent. If this is the average
bydrite content at the Hockley dome, 1,800
of salt shoulé bave been dissolved 1o accum-
ate the ZI0-m-thick eaprock formation
or many other diapirs, the anbvdrite content
dower to Kepfer's value, and the thickness
" Gissolved mait should have been several
mmod meters. For example, Barnhauser
#69) has calculated that sbout 45 km? of salt
ve bees dissolved from Day dome. Madison
ounty, Texas, for a thickness of 5,000 to
000 .
I the emplicement of salt diapirs were 3
asuephic afair, the top of the salt ar the
ot of emplacement should have been thou-
o of meters higher than the present top
e eaprock formatioz. Since thus is clearly
s bie. the oaly possblry is continuous
~ik of the diapir duning dissolution of the
~ Subsidence over a diapir occurs whes the
iving sirata collapse isto the space l=f: by
dssolved salt. This is possible in penods
= o salt wplift is occurring or when the
*of alt dissolution exceeds the rate of diapir
*tb. However, the magnitude of tota! sub-
‘e indicated by the geologic relations
0t sccount for the thousands of metess of
“g salt,
‘arly the rate of

salt dissoluvon 15 a
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vertial exaggerstion. TD « towl depth of wells in
merers. (Redrawe fom Bornhauser, 1569.)

function of the volume of ground water com-
ing in contact with the slt per unit of time.
However, no quantitative c.rrelations berween
dissolution rates of salt anc hydrologic prop-
erties of the surrounding formations have
been found in the literature.

Evolution of Rim Synclines

Another way to obuain information about
the evolution of sal: structures is 1o study the
nm synclines. The rim syncline forms simul-
taneously with the accumulation of salt in the
arez of uplift: it results from the dow nwarping
of the overlving strata into the space vacated
by the salt fiowing into the growing strucrure.
In the Gulf Coast arez few wellt reach cepths
st which useful datz on the evolution of nm
synchnes can be obtained In addition. wells
are normally located on structural “highs”
where sccumulation of oil and gas is possible.
Therefore. most data on rim svnclines are
furnished by seismic reflection profiles.

In Germany, where the mother bed is much
closer to the surface, rim synclines are more
accessible and their evolution it better known.
Trusheim (1960) and Sannemans (1968) have
described the shift of the axis of the peripheral
s.ok toward the axis of uphft. The vanations
in thickness of the strata are caused by differ-
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Figure 17. Diagram showing idealzed relauion
betwers & sakt iapis s0d the penpheral siok. Nouce
migration of the axu of the rim synclioe through
geologic time snd resulting preudoanticline with axis

eatial accumulstion berween rising and sub-
siding areas. Figure 17 chows the idealized
! cross section of & salt Ciapir and associated nim

syncline. At the enc of the process of diapinc
’ iatrusion, a structural inversion is completed.
The ares of the primary subsidence, formed
when fowage of salt was io the initial stage,
becomes structurally high (see also Fig. 4). The
oil field Diste in Lower Saxony is located in
s pseudoanticline of this kind. At the time of

locaied on the site of the pnmary siok. Rate of salt
migrauon o be estimated. (Onginslly designed by
Ssnpemans; redrawa from Trusheim, 1960.)

piercement of the overburden. salt is squeezed
into the Giapir and the anticline that supplies
the salt collapses under the weight of oy eriving
sediments. At the surface there is a central
uplift surrounded by a sunken area. Sedimen-
tary processes result in reduced accumulation
on the uplift and an increase of sccumulation
in the sink, thereby intensifying the pressure
¢iference responsible for the fiowage of salt
(Murray, 1961).
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salt (suppled) and locauon of undaground sakt
(sar) of the Gulf

Coast region of the United Sunes.
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Figure 18 shows the location of the Five
Ielnds in southern Louisiana, which gives an
esmple of diapirs located in a syncline. The
Five Islands’ regional syncline extends from
Jeferon Island at the nomthwest 1o bevond
Beliz Isle at the southeast. Sediments dip
sieeply and thicken into this regional trough.
Apparently, the syncline was formed when the
ult. sccurnulated in a long salt anticline, was
wuez2ed into the various dispirs of the ares

stes anc othes, 1959). The Dav dome,
Macison County, Texas, is another case for
whick there is good evidence of 2 former salt
aiichne that supplied salt 1o the diapir.
Bornhauser (196%) has estimated the toual
velume o salr intruded in the dav dome as 90
k=, of which about half has been dissolved 1o
form the cap rock. This value agrees well with
the volume of the trough where the Day dome
islozted. The migration of the axis of the nim
nocloe through geologic time and the slow
colapse of salt anticlines prove that the rate
of iztrusion of salt duspirs is pot significantly
dferent from the rate of other geologic
Processes.

Present Movements

Fizally, there are several obsenations of
sctual et movements that can be related 1o
&2 growth of salt diapirs. The reported move-
mers have been obsened either in mines
kated in salt diapiss or at the surface on top
® shaliow salt diapins. Caution is Decessary in
e ioterpretstion of dita on deformation
@hz=ined in salt mines because of the closure
o« 3he mined cavities that alwavs occurs,
&asionally very rapidly. In the instances of
oxerved uplift, the possibility of subsidence
of the surrouncing area because of compaction
of the sedimente should be analvzed However,
3few caves of wlt movement seem cenain. and
" s Likely that many more instances would be
maaled if the appropriate measurements were
®ocucted. For deer diapire the obsermation
¢ Bovements would be ex v:c1ed 1o be more
€Zcult becauss of the probable slower rate
% st uplift Microseismic dats might well
%ash 2 valusble too! Yor investigating the
FonTh of walt dlapin. especially in d=pth, but
* ebsenations of this nature are known to

‘¢ been reported in the Lrerature.

JA0ize (1957) mentions that 3 relstive uplift
“1102 mm per vr has been measured on salt
ﬂ'uc»_' of the Caspian depression. Trusheim
W0, reporte Teichmuller's conclusion that
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SALT TECTONICS AND DISPOSAL OF RADIOACTIVE WASTES

the riss of the salt stock of Segeberg, in Hol-
stein, porthern Germany, has been about 2
mn per vrin the last 20,000 yrs. From ob
servations by Leesand Falcon, Trusheim (1960)
has calculared 2 rate of ult movemear of 2.4
mm per ¥t in salt structures Jocated in lrag.
Sheets (1947) reports that active movement
has been measured at Hoskins Mound, Brazoria
County, Texas. An area of 100 acres located in
the central part of the diapir has apparently
nsen 2 maxvmum of 18 am in 2 23-v: penod
(1822 10 1945); the resulung rate of vplift at
the surface is sbout 8 mm per vr, which be
cause of the known subsidence of the surround-
ing area, is Likely to be an oversstimate. How-
ever, it could be the beginning of a salt spine
such as those present at Anse La Butre, Jeffierson
Islind, and Belle Isle in Louisiana.

Muehlberger and Clabaugh (1968) report
that in 1937 pirt of the mine locsted in
Winnfield salt dome, northwestern Louisiana,
wat acadentslly flooded, causing a water
etched Line. After 27 vrs, the etched line was
no longe: horizontal. but showeo s deformation
amounung to several centimeters.

In 2 railroad cut on the northers slope of
Jeferson Island, brackish water foesils were
found in loose sand. 6 10 9 m above sea level
(Balk. 1953; Vaughan, 1925). The fossils were
1desufed and found to be proably of late
Pleistocene or early Holocene age. If more
accurate cating thould confirm the age of these
fossils, the logical explanation would be that
at the beginning of the Holocene. 11,000 vrs
B.P.. the sand was accumulated in a brackish
water marsh located at sea level; from this it
would follow that the deposit has been up-
lifted tc the present level during this span of
time. Considering that 11,000 vrs ago sea level
was about 30 m below the present level (Fair-
bridge, 1960), the uplift mugh: be 30 10 40 m
in a time span of 10.000 to 15,000 vrs, which
givesa rate of growth of 2 10 4 mm per vz, It ue
worth notzing that only part of the salt core
shows signs of recent rising at JeSemson Island.
The maior part of the diapir terminates in 2
flat surface at a depth of about 250 m. On the
southeastern edge of the diapir a spine nises to
the average elevation of the surface in the area,
However, no salt is exposed at the surface, as
about 20 m of sediments overlving the salt
spine were arched to form the hill called
Jefierson lsland (Wharton, 1953).

Vaughan (1925) reports also that near Shaft
Hill on top of the Belle Isle Ciapir, one of
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Louisiana's Five Islands, a conglomerate bed
eith strike N. 75° E. and dip 23° NW. is
exposed. The fossils in the congiomerate are
all species represented on the Gulf Coast today.
It is clzar that since accumulation, this con-
joperate has been tilted 1o ap angle of 23°.
this case the data are insuSScient to cal-
culste the rate of uplift, but the evidence of
receat movement is ipescapable
Finally, there is the observation that of the
thousands of salt structures known throughout
the world. pope has ever been observed to
undergo the rapid growtk postulated by 2 few
sutpors. Since all stages of development of salt
structures cap be observed. the only possible
conclusion is that salt diapinsm is regularly
occurring whenever concitions are appiopnate,
but only accurate measurements of geologc
observations can provide evidence of the slow
rate of movement.

CONCLUSIONS
Io relstion to the problem of disposal of

radioactive waste, the most important aspect of
sal: deformation is the rate of the process in
its various stages. 1f the time necessary for an
unsccepuble deformation of the disposal
formavon should exceed the time required for
Geay of 2*Pu to poahazardous levels (a few
Lundreds of tbousands of years), the whole
problem of the plastic deformation of sait
would have lirde relevance to the disposal of
radicacuve waste

From this review of the tectonics of salt
formations, it seems fairly well proven that the
fisk of cootainment falure because of the
plasuc deformavon of the salt is negligible if
the wasie repository is Jocated in a salt forma-
Bon that meets the following condiuons.

1. It sbould bz a bedded salt formation
showing no evidence of plasuc deformation in
the recent geologic past, and be located in 2
tectorucally stable area.

3 The sal: beds shoulé be close to horizontal,
and the surfsce relief should be minimal to
issure 2 very Limited diffierential loading.

3. Toe thickness of the salt beds shouid be
adequate to furmish safe containment but less
trar tbe 300 to 400 m necessary to product
sizable salt structures.

4. The salt beds should not be located at
grest depth where the plasnaty of salt is in
creased by the high ambient temperature.
However, this is only a theoretical prodlem.
because the maximum depth 15 Lmited muck

FERRUCCIO GERA

more drastically by the required stability of
mined cavities than by the plastiaty of the
salt formation. On the other hand, a depth of
at least 300 to 400 m seems desizable to remove
the waste {rom geologic processes active at or
pear the surface

Although salt diapirs certainly euist for
which no future salt uplift is possible because
of depletion of salt in the source area, neveribe
Jess the demonstration of the safety of disposal
in 2 salt diapir would require very extessive
geologic investigations. In addition to the
struciural problems. diapiss would present
muck more senious hydrologic problems, be
cause of the compiexty of grounc water circer
laton in the adjacent {racture zone and because
of the possibibry of temporary permeability
of the salt mass in correspondence with shearing
2ones.
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